Chiral enrichment of serine is achieved in experiments that involve formation of serine octamers starting from non-racemic serine solutions. Serine octamers were generated by means of electrospray and sonic spray ionization of aqueous solutions of d 3 -L-serine (108 Da) and D-serine (105 Da) having different molar ratios of enantiomers. A cyclic process involving the formation of chirally-enriched octameric cluster ions and their dissociation, viz. Ser 1 3 Ser 8 3 Ser 1 , allows serine monomers to be regenerated with increased enantiomeric excess as shown in two types of experiments: (1) Chiral enrichment in serine was observed in MS/MS/MS experiments in a quadrupole ion trap in which the entire distribution of serine octamers formed from non-racemic solutions was isolated, collisionally activated, and fragmented. Monomeric serine was regenerated with increased enantiomeric excess upon dissociation of octamers when compared with the enantiomeric composition of the original solution. (2) Chiral enrichment was observed in the products of soft-landing of mass-selected protonated serine octamers. These ions were generated by means of electrospray or sonic spray ionization, mass selected, and collected on a gold surface using ion soft-landing. Chiral enrichment of the soft-landed serine was established by redissolving the recovered material and comparing the intensities of protonated molecular ions of d 3 -L-serine and D-serine after APCI-MS analysis. Both of these experiments showed comparable results, suggesting that formation of serine octamers depends only on the enantiomeric composition of the serine solution and that the magnitude of the chiral preference is intrinsic to octamers formed from solutions of given chiral composition. e report chiral enrichment of serine through generation of octamers from non-racemic solutions in the absence of any other chiral reagent. These octameric clusters are formed enantiomerically-enriched when compared with the initial composition of the electrosprayed solution. Chiral enrichment of serine is achieved via cycles involving formation, isolation and dissociation of octamers (Ser 1 3 Ser 8 3 Ser 1 ). In one particular experiment, the chirally-enriched product was recovered through softlanding of octamers on a gold surface.
W e report chiral enrichment of serine through generation of octamers from non-racemic solutions in the absence of any other chiral reagent. These octameric clusters are formed enantiomerically-enriched when compared with the initial composition of the electrosprayed solution. Chiral enrichment of serine is achieved via cycles involving formation, isolation and dissociation of octamers (Ser 1 3 Ser 8 3 Ser 1 ). In one particular experiment, the chirally-enriched product was recovered through softlanding of octamers on a gold surface.
The first reports that serine octamers are formed with a strong preference for homochirality [1] [2] [3] stimulated a series of studies that uncovered a number of unique features of the amino acid serine [4 -12] . These studies support the hypothesis [2, 5] that serine octamers might have been involved in prebiotic mechanisms that lead to homochirogenesis. It has been demonstrated that protonated serine octamers undergo chiroselective reactions with compounds of fundamental importance to biochemistry, including other amino acids [5] , glyceraldehyde [8] , and glucose [8] . The chiral selection in these reactions occurs with preference for the enantiomers present in life (L-amino acids, Dsaccharides). Serine is also known to undergo chiral conversion under relatively mild conditions [8, 13, 14] . This is true for both the free amino acid [8] and for serine residues in proteins [13, 14] . The facile chiral conversion of serine might act [8] as a locus for symmetry breaking [15] [16] [17] [18] [19] [20] , the key problem in biochemical evolution.
In this paper, symmetry breaking is not dealt with but we demonstrate that chiral enrichment of serine can occur through octamer formation and dissociation. Chiral amplification has been extensively studied [21] in polymerization reactions, which involve cleavage and formation of covalent bonds. The chiral enhancement of serine described here involves fragile noncovalently bound aggregates in an open system (from which material may be lost). Chiral enrichment is proposed to involve enantioselective formation/dissociation of serine clusters, a process that may be related to the "majority rules" phenomenon observed in polymerization of homochiral monomers [22] [23] [24] .
Experimental
The protonated octamer is generated by electrospray [25] or sonic spray ionization [26] and soft-landed [27, 28] on a gold surface using a preparative form of mass spectrometry. Dissociation of the octamers allows monomeric serine to be regenerated. This occurs with increased enantiomeric excess when compared with the composition of the original solution. The chiral consequences of interconversion between serine and its octamer have been studied by isotopically labeling one of the enantiomers. Isotopically labeled L-serine (2,3,3- 
Single-Stage Mass Spectrometry
Serine octamers were generated by electrospray ionization (ESI) or by sonic spray ionization (SSI). Detailed information about the home-built SSI source is available elsewhere [10] . Mass spectra were recorded and the chiral composition of octameric cluster ions was determined from the isotopic distribution. The experiments were performed using (1) a prototype Orbitrap mass spectrometer [29, 30] , (2) a Finnigan LCQ Classic mass spectrometer (San Jose, CA), and (3) a home-built ion mobility/time-of-flight mass spectrometer [31] .
Tandem Mass Spectrometry
The entire isotopic envelope of serine octamers (m/z 841-865) was isolated, activated and dissociated in a Finnigan LCQ Classic mass spectrometer. Conditions were optimized such that the precursor ions (octamers) mainly yield monomers and dimers upon dissociation. The entire distribution of octamers was isolated in the ion trap (center mass m/z 853 and isolation window of m/z 35). Dissociation of the selected precursor ions was subsequently achieved through collisional activation using helium buffer gas as the collision partner. The MS 3 experiments were then completed by isolation, activation, and dissociation of the entire distribution of dimeric product ions (m/z 211, 214, and 217; center mass m/z 214 and isolation window of m/z 100). The enantiomeric composition of the resulting monomeric serine was measured from the abundance of the ionic frag-
Soft-Landing of Serine Octamers
A Finnigan SSQ-710C equipped with a single quadrupole mass filter and modified for ion soft-landing was used to isolate the entire isotopic distribution of protonated serine octamers (m/z 841-865) and to soft land these ions at a gold surface. The product of soft-landing was analyzed by rinsing a spot (radius, 3 mm) from the gold substrate using 10 L deionized water and infusing the rinse solution at 10 L/min flow rate into an LCQ Classic mass spectrometer equipped with APCI source. Nebulizing gas flow rate was 60 units, auxiliary gas flow rate was 5 units, corona discharge current was 4 A, source temperature was 250°C, heated capillary temperature was 200°C. Spectra were collected in positive ion mode from 50 to 250 Th. Acquired profile spectra were averaged and ion intensities were integrated.
Results and Discussion
Solutions of serine of different enantiomeric composition were analyzed by means of electrospray ionization [25] mass spectrometry using a resolution of ϳ10 4 [29, 30] . As shown in Figure 1 , a serine solution with small enantiomeric excess yielded octamers that are further enriched in the major optical isomer. The percent enantiomeric excess [(% e.e.); absolute value of the difference between the molar fractions of the enantiomers expressed as a percentage of the maximum value] of serine in the octameric clusters was measured from the ESI mass spectra. For example, a serine solution with 20% e.e. yielded enantiomeric excesses in the octamers of ϳ50% (Figure 1c and f) . This result demonstrates that formation of the octamers from non-racemic serine solution is accompanied by a significant increase in clusters of enriched chirality. For comparison, we also show mass spectra of the pure enantiomers (Figure 1a and d) and the pure racemate (Figure 1g) .
The fact that the serine octamers are enriched in the most abundant isomer allows the possibility of reforming the amino acid monomers with increased enantiomeric excess through cycles involving formation, isolation and dissociation of (Ser 8 ϩH) ϩ ions. Attempts were made to regenerate chirally-enriched monomeric serine by this route. Collision-induced dissociation (CID) experiments were carried out and the chiral composition of the resulting product ions was measured for solutions containing 2,3,3-d 3 -L-serine and D-serine in different proportions. Solutions containing one enantiomer in 20% e.e. gave a ratio of monomeric fragment ions of the octamers (m/z 836 to 870 isolated for CID) that corresponded to (45 Ϯ 4)% e.e. and (48 Ϯ 5)% e.e. for the 20% e.e. of D and 20% e.e. of L cases, respectively (Figure 2a  and b) . Note that in these experiments the entire distribution of octamers was isolated and activated by collision-induced dissociation and that this step generated protonated serine dimers. These dimers were then dissociated in a further CID step to form the singlyprotonated monomers whose relative abundances were measured. Three stages of mass analysis are needed since it is not possible to observe monomeric fragments from the octamer in a simpler MS 2 experiment due to intrinsic fragment ion mass range limitations of the ion trap instrument.
In order to confirm that chiral enrichment of serine can be achieved through formation and dissociation of octamers, the ion soft-landing technique was employed [27, 28] . The use of ion soft-landing instead of destructive detection allows products derived from the octameric ions to be collected and subjected to further analysis. This method of preparative mass spectrometry allows separation of the deposition of the serine octamer ions and the analysis of the landed sample. The analysis step can in principle be done using any suitable analytical technique, including alternative mass spectrometric methods such as atmospheric pressure chemical ionization (APCI) which was used here. The entire distribution of serine octamers formed from solutions containing 20% e.e. of the D-and L-isomer, respectively, was isolated and landed onto a gold surface. In the absence of an appropriate surface characterization technique, it is not possible to know whether the clusters remain intact or dissociate upon landing at the surface. Chirally-enriched serine was recovered from the surface after re-dissolving the collected material. Solutions of post-landing serine analyzed by APCI-MS yielded enantiomeric compositions of (58 Ϯ 7)% e.e. and (54 Ϯ 8)% e.e., respectively, in agreement with the gas-phase data (Figure 2) .
The results just discussed have been produced using fundamentally different experiments on different instruments: an Orbitrap mass spectrometer [29] (data shown in Figure 1 ), a commercial Finnigan LCQ Classic quadrupole ion trap mass spectrometer (data shown in Figure 2) , and a Finnigan SSQ-710C single quadrupole mass filter (modified for ion soft-landing). In addition, the data obtained from single-stage mass spectra (Figure 1 ) have been reproduced in a home-built hybrid ion mobility/time-of-flight mass spectrometer [31] . The similarity of the results strongly suggests that this behavior is intrinsic to the chemical system. In order to quantify the observed chiral effects, the term "magnitude of chiral preference" (M cp ) is introduced and defined as
where P obs and P t are the observed and theoretical normalized probabilities of formation of the relevant species, while ␣ corresponds to the minority enantiomer in the cluster. Note that ␣ is an integer between 0 and 4; octamers rich in D-Ser are assumed to be equally favored in racemic solutions (for a similar approach see references [3, 6] ). The theoretical probabilities can be calculated using the binomial function. First, M cp values were determined for all five types of substituted octamer species when formed from racemic solutions, i.e., under circumstances in which chiral enrichment should not occur. The data are shown in Figure 3 . The chiral preference can be seen to drop exponentially as the number of minority enantiomers in the octamers increases. The exponential function can be used to obtain the corrected probabilities of each of the nine possible types of serine octamers, which are defined by eq 2:
where M cp is the magnitude of the homochiral preference and ␣ is the number of minority enantiomers in the octamers (from Figure 3) . P Mcp is the probability of forming a serine cluster with a strong preference for homochirality (preference factor M cp ). Now, from eq 2, it is possible to derive an expression that defines the enantiomeric composition of all clusters; that is the overall amount of each enantiomer that is present in the nine types of serine octamers:
where X L is the molar fraction (or probability) of L-serine in all octamers. The value of X L has been obtained experimentally by dissociating octamers 
Conclusions
The novel experimental facts shown here support the hypothesis [2, 5, 8] that serine, through the formation of its homochiral octamers, may have played a key role in homochirogenesis. This role, as argued elsewhere [2, 5, 8] , involved the transmission of chirality to other molecules. The observed increase in enantiomeric excess in cycles of formation and dissociation of serine octamers allows a prebiotic scenario where slight differences in enantiomeric composition might have given rise to octamers of both L-and D-chirality in greatly different proportions. In addition, both enantiomers (monomers) are presumably connected to each other through the uniquely facile chiral interconversion of serine [8, 13, 14] . Hence, removal of the L-octamers (by adsorption on surfaces such as prebiotic cell membranes [32] , crystallization under particular conditions, etc.) could have led to selective accumulated the left-handed serine as part of a cascade of events leading to homochirogenesis, resulting in the L-serine biosphere observed today. Note that this proposal combines the "majority rules" concept [22, 23] , well-established in chiral polymerization, with the facile epimerization of serine; note too, though, that the present proposal involves a dynamic, non-equilibrium system which is open. Small numbers of serine molecules may or may not generate octamers which may be removed from the system and this leads to chiral accumulation rather than the predicted result [Selinger and Green, unpublished] of a mixture of homochiral polymers which would occur in a closed system at equilibrium [21] . The recent observation that some serine clusters, especially the 10-mer, undergo an anti-chiral selection process [33] does not remove the possibility that serine clustering, via its octamers, was involved in prebiotic homochirogenesis. Indeed, this possibility is strengthened by the recent observation [34] that the serine octamer is the only significant cluster observed when serine solutions are dropped onto a hot surface (an experiment intended to model early earth conditions in which serine solutions drop onto hot rocks).
The combination of mass spectrometric methodology for creating molecular clusters with ion soft-landing for recovering macroscopic amounts of these materials is a unique aspect of this study and perhaps one with implications for other work on cluster ions.
